Hartmannellid amoebae are considered important hosts for growth of Legionella pneumophila in drinking water systems (6, 21). Free-living amoebae appear to be similar to human phagocytic cells in providing an intracellular environment for growth of L. pneumophila (1, 6, 8, 11, 12, 18, 19) . Although Rowbotham (19) has reported that certain species of legionellae infect only specific strains of free-living amoebae on agar plates, similar interactions that may be required for growth of legionellae in tap water have not been studied. An understanding of the host specificity of hartmannellid amoebae for legionellae may explain why species of legionellae other than L. pneumophila are infrequently recovered from drinking water systems and may provide a basis for investigating whether the virulence of legionellae is related to their growth in amoebae.
Hartmannellid amoebae are considered important hosts for growth of Legionella pneumophila in drinking water systems (6, 21) . Free-living amoebae appear to be similar to human phagocytic cells in providing an intracellular environment for growth of L. pneumophila (1, 6, 8, 11, 12, 18, 19) . Although Rowbotham (19) has reported that certain species of legionellae infect only specific strains of free-living amoebae on agar plates, similar interactions that may be required for growth of legionellae in tap water have not been studied. An understanding of the host specificity of hartmannellid amoebae for legionellae may explain why species of legionellae other than L. pneumophila are infrequently recovered from drinking water systems and may provide a basis for investigating whether the virulence of legionellae is related to their growth in amoebae.
The ecology of L. pneumophila in potable-water systems is greatly influenced by temperature and free-living amoebae. L. pneumophila has been isolated more frequently and in higher concentrations from hot-water plumbing fixtures than from cold-water fixtures (24) . Hot-water tanks which have heating elements located centrally or peripherally may serve as breeding sites for L. pneumophila. The temperatures at the bottom of these tanks are often 25 to 42°C, a range which is conducive for L. pneumophila multiplication (22, 24) . L. pneumophila and free-living amoebae have also been recovered together more frequently from warm drinking water samples than from cold drinking water samples (7) . Aerosolized water from showers which contain L. pneumophila and Hartmannella vermiformis may serve as a vehicle of transmission of Legionnaires disease (2) .
A natural water system consisting of water-grown L. pneumophila and associated microbiota has been used to * Corresponding author. study the multiplication of L. pneumophila in tap water (21, 22, 26) . Studies with this model indicate that naturally occurring L. pneumophila multiplies in tap water in the dark under aerobic but not anaerobic conditions, at temperatures between 25 and 42°C, and between pH values of 5.5 and 9.2 (22, 26) . Water-grown L. pneumophila is also more resistant to inactivation with chlorine than agar-grown strains (14) . Although the natural water system has been useful, it is a cumbersome method (21, 22) . Initiation of the tap water cultures requires the availability of environmental samples such as samples from hot water tanks that contain L. pneumophila and other microbiota. Samples which contain other Legionella spp. are in limited supply. Successful maintenance of the cultures requires continuous incubation at 37°C with frequent transfer into sterile tap water. Also, the associated microbiota present in the cultures is mostly undefined, and its effect on the multiplication of L. pneumophila must be carefully controlled.
Hartmannellid amoebae serve as growth factors for L. pneumophila in the natural tap water system (21) . Filtration of the cultures through a 1-,um-pore-size polycarbonate membrane filter removes the growth factors but not L. pneumophila or other heterotrophic bacteria. Addition of either the retentate or the hartmannellid amoebae to the filtrate restores growth-supporting activity for L. pneumophila. These findings suggest that a simpler model for studying multiplication of legionellae in tap water may consist of tap water containing legionellae, hartmannellid amoebae, and an appropriate bacterium which provides nutrients for the amoebae.
This study describes a tap water model which simulates the growth of legionellae and hartmannellid amoebae in warm-water environments of potable-water systems. The multiplication of a variety of Legionella spp. in tap water containing H. vermiformis is compared. DISCUSSION day 3 of incubation. In the cocultures which were initiated with the amoeboid forms, encystment began within the first day of incubation and was 90 to 95% complete by day 2 of incubation. Despite these differences, the multiplication of L. pneumophila was similar in cocultures which had been initiated with either form of H. vermiformis, except for an apparent lag period in the cultures which were initiated with cysts (Fig. 2) . The mean growth yields + standard deviations of L. pneumophila from the cocultures initiated with amoeboid and cyst forms were 2.9 + 0.4 and 3.4 + 0.8 log CFU/ml, respectively. In subsequent experiments the cocultures were initiated with cysts.
Multiplication of Legionella spp. The Legionella strains differed in their abilities to multiply in tap water cocultures (Table 2) . Of the 19 strains tested, 12 multiplied in each replicate experiment. The range of the growth yields for these strains was 0.6 to 3.5 log CFU/ml. These growth yields were reproducible (with standard deviations of s0.2 log CFU/ml) for all of the isolates except the strains of L.
dumoffii. Two strains, L. gormanii and the E-64 isolate of L. pneumophila, multiplied in only one of three experiments. None of the Legionella spp. multiplied in the control cultures which contained only killed P. paucimobilis. Strains of legionellae isolated in Pittsburgh were more likely to multiply in cocultures than strains obtained from other areas, but the difference was not statistically significant (P = 0.067). The mean growth yield + standard deviation for H. vermiformis in the cocultures which were prepared with the 19 different Legionella strains was 1.2 + 0.1 log CFU/ml. A model has been developed for studying multiplication of L. pneumophila and H. vermiformis in tap water cocultures. Supplementation of the cocultures with a high concentration of killed P. paucimobilis (i.e., 109 cells per ml) improved the multiplication of both L. pneumophila and H. vermiformis. The improved growth of L. pneumophila may have occurred in response to the increase in the concentration of H. vermiformis, as higher numbers of amoeboid forms were available to serve as hosts for growth of legionellae. As a standard procedure, we choose to initiate cocultures with cyst forms rather than amoeboid forms. Similar growth yields of L. pneumophila were obtained with either form. Since suspensions of cysts can be obtained in higher concentrations and maintained in the laboratory for longer periods, they are more convenient to work with than suspensions of amoeboid forms.
It was recognized that colony counts of legionellae which were obtained from early sampling times of cocultures did not decrease in accordance with dilution. This observation has not been reported in previous studies (1, (6) (7) (8) . Carryover of H. vermiformis onto the solid media appears to have been responsible for the inhibition of L. pneumophila colony formation. The amoeboid forms apparently ingested the legionellae deposited on the plates and inhibited their growth. Rowbotham (18, 19) has previously shown that a variety of free-living amoebae, including a strain of H. vermiformis, can ingest L. pneumophila on agar plates. At later sampling times, when the concentration of legionellae exceeded the concentration of H. vermiformis, the dilution required to obtain countable colonies of legionellae reduced the concentration of H. vermiformis and thereby minimized the inhibitory effect.
The environmental strains of legionellae obtained from our laboratory's stock culture collection were more likely to multiply in the cocultures than the strains which were obtained from other sources. It is possible that the difference in ability of the legionellae to multiply in the cocultures is related to differences in passage histories of the strains. All of the environmental strains, except for strain E-28, had been transferred onto charcoal-yeast extract-containing media fewer than five times, a condition which is unlikely to affect the virulence of legionellae (25) . In contrast, the passage histories of the other strains are unknown. If these strains had been transferred on a medium which is nutritionally deficient for legionellae (e.g., Mueller-Hinton agar), they may have lost the necessary virulence factors which permit them to infect and multiply within amoebae (27) . Alternatively, strains of legionellae and hartmannellid amoebae which have been recovered from environments in the Pittsburgh area may have evolved so that their interaction is conducive for legionellae multiplication. However, our finding that the strains of L. dumoffli and the WIGA strain of L.
bozemanii multiply in cocultures is inconsistent with this hypothesis, since these legionellae have not to our knowledge been recovered from the Pittsburgh area. Perhaps the strains of legionellae which multiply in the cocultures share unknown virulence factors which are not present in the strains which are unable to multiply. The factors could possibly inhibit the production of bactericidal oxygen metabolites, lysosomal-phagosomal fusion, or the acidification of phagosomes in H. vermiformis in a manner similar to what has been described with human phagocytic cells infected with legionellae (4, 9, 10). Our finding of strain differences in the ability of legionellae to multiply in tap water cocultures extends those of Rowbotham (18, 19) , who first described that only certain strains of legionellae are capable of infecting specific strains of free-living amoebae.
The new tap water model represents an improvement over the natural water system which has been used in previous studies (14, (20) (21) (22) 26) . The new model is a more defined system, as only three microbial components (i.e., Legionella spp., H. vermiformis, and autoclaved P. paucimobilis) are included and stock suspensions of each of these may be permanently stored in the frozen state. In contrast, the associated microbiota used in the natural water system is mostly undefined. Maintenance of the natural water system is also cumbersome, since it requires continuous incubation of cultures at 37°C and frequent transfer into sterile tap water. The new model eliminates the requirement for environmental samples which contain L. pneumophila and growth-supporting microbiota (21, 22) . In many areas such samples are in limited supply or may be difficult to obtain. Finally, the new model can be adapted easily for studying the multiplication of a variety of Legionella species in tap water. These studies would be very difficult to perform with the natural water system, since environmental samples which contain Legionella species other than L. pneumophila are generally unavailable.
The major limitation of the new model is the requirement for a high concentration of killed P. paucimobilis. The high concentration of killed P. paucimobilis could possibly interfere with assessment of the virulence of amoeba-grown legionellae or electron microscopic studies of legionellainfected amoebae. Unpublished studies from our laboratory have confirmed a recent observation that H. vermiformis can multiply as an axenic culture in American Type Culture Collection medium 1034 and supports multiplication of legionellae in this medium (13) . Multiplication of L. pneumophila in broth cocultures may facilitate studies that may be affected by the presence of killed P. paucimobilis.
The model developed in this study permitted us to compare the multiplication of a variety of Legionella spp. in tap water containing H. vermiformis. H. vermiformis supported multiplication of only particular strains of legionellae. Studies are in progress to determine the factors that regulate the multiplication of legionellae in hartmannellid amoebae.
